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determinationAbstract The visibility for low earth orbit (LEO) satellites provided by the BeiDou-2 system is
analyzed and compared with the global positioning system (GPS). In addition, the spaceborne
receivers’ observations are simulated by the BeiDou satellites broadcast ephemeris and LEO satel-
lites orbits. The precise orbit determination (POD) results show that the along-track component
accuracy is much better over the service area than the non-service area, while the accuracy of the
other two directions keeps at the same level over different areas. However, the 3-dimensional
(3D) accuracy over the two areas shows almost no difference. Only taking into consideration the
observation noise and navigation satellite ephemeris errors, the 3D accuracy of the POD is about
30 cm. As for the precise relative orbit determination (PROD), the 3D accuracy is much better over
the eastern hemisphere than that of the western hemisphere. The baseline length accuracy is 3.4 mm
over the service area, and it is still better than 1 cm over the non-service area. This paper demon-
strates that the BeiDou regional constellation could provide global service to LEO satellites for the
POD and the PROD. Finally, the beneﬁt of geostationary earth orbit (GEO) satellites is illustrated
for POD.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
Following the successful deployment and operation of the
BeiDou satellite navigation experimental system (BeiDou-1),China is now in the progress of developing the BeiDou naviga-
tion satellite system (BDS) (or COMPASS), which adopts its
own time (BeiDou Time, BDT) and coordinate system (China
Geodetic Coordinate System 2000, CGCS2000).1 (The BDS is
also called the BeiDou-2 navigation satellite system or the Bei-
Dou-2 system for short.) The ﬁrst phase of the BDS was
completed with the constellation including 5 geostationary
earth orbit (GEO) satellites, 5 inclined geosynchronous orbit
(IGSO) and 4 medium earth orbit (MEO) satellites at the
end of 2012, which is also called the BeiDou regional naviga-
tion satellite system. When fully deployed, the space constella-
tion of the BDS consists of 5 GEO satellites, 27 MEO satellites
1252 J. Liu et al.and 3 IGSO satellites. The second phase of the BDS will
complete the constellation and provide navigation services
for world-wide users by 2020.2–4
The ﬁrst BDS navigation satellite M1 was launched on
April 14, 2007.5 Since then many papers describing the M1 sig-
nal characteristics,5–7 observation and clock performance8,9
were published. With the increasing number of BeiDou naviga-
tion satellites, the results of precise orbit determination for
BeiDou navigation satellites, precise point positioning (PPP)
and precise relative positioning on ground using BDS were
demonstrated. He et al.10 concentrated on the impact of the
tracking geometry and the involvement of MEOs, and on the
effect of integer ambiguity resolution to improve BDS satellites
orbits accuracy. Shi et al.11 presented the positioning results
with 3 GEO and 3 IGSO satellites. Their results show that
the precise relative positioning accuracy is better than 2 cm
for the north component and 4 cm for the vertical component
on a short baseline. Montenbruck et al.12 presented an initial
characterization and performance assessment of the COM-
PASS system based on the data collected from 6 stations.
The orbit overlap comparison demonstrated the daily orbits
3-dimensional (3D) root mean square (RMS) accuracy of
about 1–10 m. The performances of 4 GEO and 5 IGSO satel-
lites in precise point positioning and relative positioning were
described with their orbits. Zhao et al.13 used COMPASS
experimental tracking network (CETN) observations to deter-
mine the BDS navigation satellites orbit. The 48-h orbit over-
lap comparison shows that the RMS values of differences in
the radial component are much smaller than 10 cm and those
of the cross-track component are smaller than 20 cm. The
static daily BDS PPP solutions achieved an accuracy of better
than 1 cm in horizontal and 3 cm in vertical with 4 GEO, 5
IGSO and 2 MEO satellites, which is better than global
positioning system (GPS) solution for the selected location.
Finally, the results of PPP with BDS/GPS combination were
also discussed in their research. Using the same constellation,
Zhou et al.14 assessed the positioning accuracy of BDS and
obtained similar results in BDS PPP.
As mentioned above, the accuracy of PPP and relative posi-
tioning obtained with the BeiDou-2 system is comparable to
GPS in the Asia-Paciﬁc region, which depicts the applications
perspective of the BeiDou-2 system in this region. However,
the performance of the BeiDou-2 system on determining the
low earth orbit (LEO) satellites orbit is still not clear. At pres-
ent, the GPS is the main system employed to determine the
LEO satellites orbit, and the accuracy of the precise orbit
determination (POD) and the precise relative orbit determina-
tion (PROD) achieve several centimeters and 1 mm level.15–18
Nevertheless, the BDS will be the ﬁrst choice for China on
its own LEO satellites due to the technical independency. To
satisfy the urgent requirement of a number of planned and
ongoing projects, this paper analyzes the primary performance
of the BeiDou-2 system on LEO satellites applications.Fig. 1 Average visible navigation satellites on altitude of 500 km
over 5.2. Simulation scenarios and POD models
The BeiDou regional navigation satellite system is just fully
operational at the end of 2012 and at present no LEO satellite
has installed BeiDou receiver. Therefore, this paper uses the
simulation method to analyze the performance of the
BeiDou-2 system on LEO satellites orbit determination. Thispaper has selected Dec.6 2012 to Dec.15 2012 as the simulation
time. During this period, all of the 14 satellites are fully
operational. The simulation experiments include several steps.
Firstly, BeiDou satellites broadcast ephemeris and clocks are
computed from the navigation message. Additionally, the
LEO satellites precise orbits are ﬁtted by dynamic models.
Dynamic models used to generate the LEO satellites precise
orbits by other agencies might be different from those
employed in this paper. To eliminate the inﬂuence of dynamic
model errors, this paper used the ﬁtted orbits as the LEO sat-
ellites orbits in the simulation. Furthermore, the broadcast
ephemeris, the clocks and the ﬁtted orbits are used to simulate
the spaceborne observations. Finally, these observations are
used to determine the LEO satellites orbit. The RMS of the
difference between ﬁtted orbits and POD orbits is computed
to evaluate the POD orbits accuracy. Meanwhile, the PROD
accuracy is deﬁned as the RMS of the difference between the
ﬁtted orbits baseline and the PROD orbits baseline.
The visible BeiDou or GPS satellites of any place above the
earth can be computed from its own ephemeris. Using the eph-
emerides on Dec.6 2012, the time interval is set to be 300 s and
the average visible navigation satellites on altitude of 500 km
are computed and placed on a global map (see Fig. 1).
Fig. 1(a) shows that the mean number of visible BeiDou
satellites is more than 7 over the Asia-Paciﬁc region and this
value is 12 around the equator, whereas it is less than 4 satel-
lites over America. As the GEO and IGSO navigation satellites
are deployed over the eastern hemisphere, the LEO satellites
over the eastern hemisphere can receive more BDS observa-
tions. With the least average visible GPS satellites being 9,
the LEO satellites over the equator and the polar region can
receive more GPS signals (see Fig. 1(b)). Compared to the
GPS, the coverage of the BeiDou-2 is irregular due to its regio-
nal constellation, which may cause the LEO satellites orbit
determined by the BeiDou-2 system to have different accuracy
ig. 2 Visible BeiDou satellites from GRACE A and Jason-2.
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BDS is deﬁned with longitude between 55E and 180E and
latitude between 55S and 55N (in the rectangle in Fig. 1(a)).4
Over this area, the LEO satellites can receive more observa-
tions from the BeiDou-2 system (see Fig. 1(a)). To show the
global capabilities of the BDS on the LEO applications, this
paper analyzes the POD and the PROD accuracy over the ser-
vice area and over the non-service area.
The orbits of gravity recovery and climate experiment
(GRACE)19 satellites and Jason-220 are selected to simulate
the observations. GRACE satellites (GRACE A and GRACE
B) were launched in March, 2002 into near polar orbits with an
initial altitude of 500 km.21 The altitude of Jason-2 is about
1330 km.22 The precise orbits of GRACE are from informa-
tion systems and data center (ISDC), and those of Jason-2
are from crustal dynamics data information system (CDDIS).
The simulated observations include dual-frequency pseudo-
range and carrier phase. Their observation noises RMS are
0.5 m and 2 mm, respectively. The time interval is set to be
10 s, and the elevation cutoff angle is set to be 5. Table 123,24
describes the dynamic models and parameters used in LEO
satellites orbit ﬁtting, POD and PROD. The errors between
the ﬁtted orbits and precise orbits are less than 1 cm in each
direction for GRACE, and about 5 mm in 3D for Jason-2.
The altitudes of GRACE and Jason satellites are different.
Hence the visibility of the BeiDou-2 satellites is different. Only
the GRACE A satellite is analyzed for GRACE satellites
because the altitudes of GRACE A and GRACE B are similar.
The percentage of time that GRACE A and Jason-2 receive
BeiDou satellites observations is shown in Fig. 2.
Fig. 2 shows that there are no observations for GRACE A
beyond 6% of the time, and it is about 8% for Jason-2. It
should be noted that the LEO satellite clock is also worked
out in the orbit solution. The reliability of the clocks solution
can be improved by employing more observations simulta-
neously. Hence, the epochs with 1 or 2 observations are not
used in the clock and the orbit solution in this paper. In gen-
eral, it is about 25% of the time, in which not enough observa-
tions were available to be used to solve the orbit for GRACE
and it is near to 30% for Jason-2 (see Fig. 2). Currently the
BeiDou-2 system does not provide continuous and abundant
observations to LEO satellites due to its regional navigation
constellation. This brings more challenges when applying the
BeiDou-2 system to determine the LEO satellites orbit.Table 1 Dynamic models and parameters used to ﬁt and determine
Item Description
Static gravity ﬁeld GRACE gravity model 02C (GGM
Solid earth tide International earth rotation and re
Polar tide IERS 2003
Ocean tide Center for space research (CSR) 4.
3rd body gravity Sun and moon
Solar radiation pressure Ball model, conical earth shadow,
Atmospheric drag Jacchia 71 density model (national
and geomagnetic activity (3 hourly
Empirical acceleration Piece-wise linear (0.5 hourly)
Relativity Schwarzschild
Precession-nutation IERS 2003
Earth orientation IERS standard rapid earth orienta
Solar ephemerides Jet propulsion laboratory developmFThe National University of Defense Technology Orbit
Determination Toolkit (NUDTTK) software has been
employed in this study. The software is developed by the
Mathematic Technology Laboratory, College of Science of
National University of Defense Technology as a tool for satel-
lites measurements processing. The software has successfully
processed the dual-frequency GPS data from LEO satellites,
such as GRACE satellites and the challenging minisatellite
payload (CHAMP) satellite. The GRACE satellites orbits
obtained by NUDTTK software are compared with GeoFors-
chungsZentrum (GFZ) rapid science orbits. The 3D RMS
value of orbit comparisons for a single GRACE satellite is
about 5 cm. The accuracy of GRACE satellites baseline
determined by NUDTTK software is about 1 mm validated
by K-band ranging (KBR) system data.23–25
3. POD results and analysis
As described in Table 1, the piece-wise method is used to
estimate the empirical acceleration and atmospheric drag
coefﬁcients. There are few observations in some estimation
intervals, in which the piece-wise parameters cannot bethe LEO orbits.
02C) 100 · 100
ference systems service (IERS) 2003, 4 · 4
0
and solar radiation pressure coeﬃcient CR is estimated
oceanic and atmospheric administration (NOAA), solar ﬂux (daily)
)), atmospheric drag coeﬃcient CD is estimated
tion parameters (EOPs)
ent ephemeris 405 (JPL DE405)
1254 J. Liu et al.estimated exactly. This phenomenon can be avoided if the
estimation intervals are combined with the adjacent one. In
this paper, an estimation interval is combined when its number
of observations is less than a third of the normal sample
observations.3.1. Inﬂuence of observation noise
3.1.1. Precise orbit determination
The accuracy of the POD results is only affected by the
observation noise if the broadcast ephemeris, the clocks, the
simulated observations and the orbit dynamic model described
in Table 1 are used to determine the LEO satellites orbit.
Under such conditions, the POD results of GRACE satellites
over 10 days are listed in Table 2. Some basic characteristics
of the BeiDou-2 system are shown in these results.
Table 2 shows that there are little differences between the
POD results of GRACE A and GRACE B. Therefore, the
results of either one could represent the POD performance
for GRACE satellites. Thus, the GRACE A satellite is selected
to ﬁnish the following analysis in POD. On average, the POD
accuracy of 3D is better than 4 cm over the service area, and
the accuracy is better than 5 cm over the non-service area.Table 2 POD results of GRACE satellites in 10 days.
Date (month/day) GRACE A POD accuracy (3D) (cm)
Service area Non-service area
12/6 5.8 6.9
12/7 3.0 3.2
12/8 2.5 3.2
12/9 2.7 4.6
12/10 2.2 4.0
12/11 5.9 6.3
12/12 6.3 5.7
12/13 4.2 7.2
12/14 4.8 5.1
12/15 2.2 3.0
Mean 4.0 4.9
Fig. 3 POD accuracy of GRACE A aThe POD accuracy of GRACE A and Jason-2 in the orbit
reference frame are shown in Fig. 3. Where R, T and N denote
the radial, along-track and cross-track in Fig. 3 respectively.
Fig. 3(a) and (b) show that the accuracy of GRACE A in R,
T and N components is 1.0 cm, 1.2 cm and 3.6 cm over the ser-
vice area, while it is 1.2 cm, 3.1 cm and 3.5 cm over the non-
service area. Compared to GRACE A, the POD accuracy of
Jason-2 is higher, which are shown in Fig. 3(c) and (d). From
Fig. 3, we can conclude that
(1) The accuracy of the R and T components is much better
than that of the N component over the service area.
(2) The accuracy of the R component over the non-service
area, with less observations, is comparable to that over
the service area.
(3) The accuracy of the T component over the non-service
area is obviously lower than that over the service area.
The atmospheric drag coefﬁcient is hard to estimate with
few observations, which might be the reason for the
reduction in accuracy.
(4) The N component is difﬁcult to estimate in both areas.
(5) There is a little difference in the 3D accuracy over the
service area and over the non-service area.GRACE B POD accuracy (3D) (cm)
Global Service area Non-service area Global
6.7 5.4 6.9 6.6
3.2 2.7 3.1 3.1
3.1 2.3 3.2 3.0
4.3 2.3 4.6 4.2
3.7 2.1 4.2 3.9
6.2 5.6 6.3 6.1
5.8 6.2 5.6 5.7
6.7 4.4 7.5 7.0
5.0 4.8 5.2 5.1
2.9 2.4 3.2 3.0
4.8 3.8 5.0 4.8
nd Jason-2 in orbit reference frame.
Table 3 PROD results of GRACE satellites in 10 days.
Date (month/day) PROD accuracy (3D) (mm)
Service area Non-service area Global
R T N 3D
12/6 2.4 4.1 1.3 2.8 2.3 3.8
12/7 1.9 4.8 1.1 3.0 3.0 4.4
12/8 2.1 4.8 1.5 3.4 2.3 4.4
12/9 2.1 4.0 1.3 2.9 1.8 3.7
12/10 1.7 5.2 1.5 3.3 3.0 4.7
12/11 2.1 6.1 1.7 3.7 3.7 5.5
12/12 1.7 4.8 1.3 3.3 2.6 4.4
12/13 2.2 5.7 1.5 3.8 3.2 5.2
12/14 2.2 4.4 1.2 2.9 2.5 4.0
12/15 2.1 6.3 1.7 4.3 3.4 5.8
Mean 2.1 5.0 1.4 3.3 2.8 4.6
Basic performance of BeiDou-2 navigation satellite system used in LEO satellites precise orbit determination 1255In order to assess the spatial distribution of the orbit
accuracy, the mean 3D accuracy of each 10 · 10 zone is
calculated. The results of GRACE A and Jason-2 are shown
in Fig. 4.
Fig. 4(a) shows that the accuracy of the eastern hemisphere
and the mid-Paciﬁc Ocean is higher than other areas for
GRACE A. The accuracy is better than 5 cm in most of those
areas, and the poorest accuracy is still better than 10 cm.
Moreover, in the world the accuracy of the lowest zone is near
to 15 cm. Fig. 4(b) shows that the accuracy of the eastern
hemisphere is higher than the western hemisphere to Jason-2.
In general, Fig. 4 and Fig. 1(a) show a positive correlation
between the POD accuracy and the visibility of navigation sat-
ellites. However, there are some zones with lower POD accu-
racy over areas of higher visibility, and there are some zones
with higher POD accuracy over areas of lower visibility. The
accuracy in different areas will interact because of the orbit
continuity. Polar orbiting satellites like GRACE, the satellites
will receive maximal observations over the Asia-Paciﬁc region
and minimal observations over the America region during one
orbital revolution. Therefore, the POD accuracy over some
areas of lower visibility is still kept at a high level (see
Figs. 1(a) and 4(a)).
3.1.2. Precise relative orbit determination
The distance between GRACE A and GRACE B is about
200 km. The baseline between them is required at a high accu-
racy for some scientiﬁc applications. This paper adopts the
double difference observations and the POD orbits to obtain
the baseline. Table 3 summarizes 10 days’ PROD results of
GRACE satellites.
Table 3 shows that the mean PROD accuracy of 3D is
2.1 mm over the service area and 5.0 mm over the non-service
area. In addition, the PROD results are stable in both areas.
The PROD accuracy of the R, T and N components is
1.4 mm, 3.3 mm and 2.8 mm in the global results.Fig. 4 Global distribution of GRACE A and Jason-2 POD
accuracy in 3D.The PROD accuracy of GRACE satellites in the orbit ref-
erence frame is shown in Fig. 5.
Fig. 5(a) shows that the accuracy of each component over
the service area is almost the same. The R component is still
the best. The difference between the accuracy of the worst
component (N) and the R component is 0.3 mm. That the car-
rier phase ambiguities are ﬁxed in PROD might be the reason
that the N component can be kept with a high accuracy over
the service area. The ambiguity ﬁxing success rate is over
98% for each day. Fig. 5 shows that the accuracy is reduced
in each direction over the non-service area. They are 1.5 mm,
3.7 mm and 3.0 mm in the R, T and N components (see
Fig. 5(b)). The T component accuracy is obviously decreased
as for the POD results. Due to the lack of observations out
of the service area, the atmospheric drag coefﬁcient is hard
to estimate. Hence, it does not matter in the POD or the
PROD, the T component accuracy is lower over the non-
service area. The global distribution of 10 days’ mean baseline
length accuracy of GRACE satellites is shown in Fig. 6.
Fig. 6 shows that the PROD accuracy over the eastern
hemisphere is higher than that of other areas. A high level of
stability is demonstrated for PROD accuracy over the eastern
hemisphere. The baseline length accuracy is better than 4 mm
over the service area, while the accuracy is obviously lowerFig. 5 PROD accuracy of GRACE satellites in orbit reference
frame.
Table 4 Dynamic models and parameters used to ﬁt the
broadcast ephemeris.
Item Description
Static gravity ﬁeld GGM02C 12 · 12
Solid earth tide IERS2003, 4 · 4
Polar tide IERS2003
Ocean tide CSR4.0
3rd body gravity Sun and moon
Solar radiation pressure Bernese 9 parameters model
Relativity Schwarzschild
Precession-nutation IERS2003
Earth orientation IERS standard rapid EOPs
Solar ephemerides JPL DE405
Fig. 6 Global distribution of baseline length accuracy of
GRACE satellites.
1256 J. Liu et al.over the non-service area. However, the baseline length accu-
racy between 280 and 310 longitude is higher than that of
other regions over the non-service area. This phenomenon is
related to the BeiDou-2 regional constellation, the LEO satel-
lite orbit characteristics and the dynamic orbit determination
method. As the GRACE satellites were launched into near
polar orbits, when the satellites ﬂy over the area between
280 and 310 longitude, the adjacent orbit will cross the area
with longitude between 100 and 130. Over this region the
LEO satellite can receive the most observations (see Fig. 1).
Although there are less observations when the satellites ﬂy
over the area with longitude between 280 and 310, there
are an abundance of observations in the adjacent time. Hence,
the satellites orbit can still get high PROD accuracy over that
area under the dynamic model constraints.Table 5 Errors added to broadcast ephemeris.
Satellites type Errors (cm)
R T N 3D
GEO 6 114 10 115
IGSO 7 24 15 29
MEO 12 45 13 483.2. Inﬂuence of navigation satellites ephemeris precision
In fact, the above results do not include the inﬂuence of the
navigation satellites ephemeris error. However, those results
still reﬂect some basic characteristics of applying the Bei-
Dou-2 system to determine the LEO satellites orbit, and could
represent the results with a high accuracy of BeiDou satellites
ephemeris. In the PROD process, the ephemeris error would
be weakened by the double difference observations. Therefore,
the PROD results are hardly impacted by the ephemeris error.
Nevertheless, the orbit errors of BDS satellites cannot be
ignored due to their low accuracy for POD. At present,
because of the restriction of the regional constellation and
the limited ground tracking network, the BDS precise orbit
could not reach the similar quality of GPS, especially for
GEO satellites whose orbit errors could be of meter level. To
obtain the ephemeris errors, this paper uses dynamic models
to ﬁt the broadcast ephemeris. In detail, the dynamic models
and parameters are shown in Table 4.
The differences between the original ephemeris and the ﬁt-
ted ephemeris are utilized to obtain the ephemeris with given
errors. dj(ti) = [Rj (ti), Tj (ti), Nj (ti)]
T denotes the difference
of the satellite j at time ti (i, j= 1, 2, . . .) in the orbit reference
frame, and Rj (ti), Tj (ti) and Nj (ti) denote the ﬁtted errors in
the R, T and N components, respectively. We have
djðtiÞ ¼MjðtiÞ ðr^jðtiÞ  rjðtiÞÞ ð1Þ
whereMj(ti) is the transition matrix from the earth-ﬁxed coor-
dinate system to the orbit reference frame of the satellite j at
time ti, r^jðtiÞ and rj(ti) are the position in the earth-ﬁxed coor-
dinate system from the ﬁtted ephemeris and the original
ephemeris of the satellite j at time ti, respectively.Besides, the RMS of R, T and N components are computed
for the satellite j from dj(ti), denoted as r^
j
R, r^
j
T and r^
j
N. As a
consequence, the error of satellite j at time ti denoted as
d^jðtiÞ with the given RMS rjR, rjT and rjN of R, T and N com-
ponents are from
d^jðtiÞ ¼ r
j
R
r^jR
RjðtiÞ; r
j
T
r^jT
TjðtiÞ; r
j
N
r^jN
NjðtiÞ
 T
ð2Þ
In addition, the ephemeris ~rjðtiÞ with the error d^jðtiÞ can be
computed by
~rjðtiÞ ¼ rjðtiÞ þMTj ðtiÞd^jðtiÞ ð3Þ
Finally, the ephemeris with given errors is employed to
determine the LEO satellites orbit once again. The given errors
added to the broadcast ephemeris are the same as the orbit
overlap accuracy described in reference (see Table 5).10
With the ephemeris including the errors described in
Table 5, the POD and PROD results of GRACE satellites
are presented in Fig. 7.
Fig. 7(c), (d) and Fig. 5 show that the PROD accuracies are
also reduced with the ephemeris errors. Nevertheless, the
PROD accuracies achieve mm-level, particularly they are
1.8 mm, 1.9 mm, 2.3 mm and 3.4 mm in R, T, N component
and 3D over the service area. The 3D accuracy is still better
than 1 cm over the non-serv- ice area.
Furthermore, compared to GPS results, the accuracy of
GRACE satellites in Fig. 7 is much lower. Even so, as the
BDS is still under development, the situation will be changed
when an LEO satellite with a BeiDou receiver is launched.
When the BeiDou system is fully deployed, the number of
navigation satellites will reach 35, and then it can provide con-
tinuous and abundant observations to LEO satellites. The
ephemeris error will get smaller due to better station coverage
and more appropriate models used for the determination of
the BDS satellites orbits. Therefore, when fully deployed, the
performance of BDS will be comparable with GPS on LEO
satellites applications if the ephemeris accuracy reaches the
similar level as GPS satellites.
Fig. 7 POD and PROD results of GRACE satellites with ephemeris errors.
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Presently, all the POD results of the BeiDou-2 navigation sat-
ellites show that the GEO satellites have the lowest accuracy.
The orbit error of GEO satellites is even several times larger
than that of other satellites. Therefore, it is worth investigating
the impact of GEOs on the accuracy of LEO satellite orbits. In
this study, LEO orbits are also estimated without GEOs. The
results of GRACE A are shown in Fig. 8.
Fig. 8(a) shows that the average POD accuracy of GRACE
A is 6.7 cm, 12.8 cm, 38.4 cm and 41.1 cm in the R, T, N com-
ponent and 3D over the service area. Those values are 8.7 cm,
23.0 cm, 38.4 cm and 46.2 cm over the non-service area, which
are shown in Fig. 8(b). The accuracy is obviously reduced com-
pared to the results using GEO satellites. The above results
illustrate that the GEO satellites can improve the LEO satel-
lites POD accuracy even though its ephemeris accuracy is
lower.Fig. 8 POD results of GRACE A without GEO satellites.4. Conclusions
(1) The basic performance of the BeiDou-2 system used to
determine LEO satellites orbit is analyzed and some ini-
tial conclusions are presented in this paper. The relation-
ship between LEO satellites orbit accuracy and the
visibility is shown, and the global distribution of the
LEO satellites orbit accuracy is illustrated.
(2) The BeiDou satellite visibility is obviously different from
region to region. More BeiDou satellites could be seen
over the eastern hemisphere than the western hemi-
sphere. The average visible BeiDou satellites are more
than 7 at 500 km altitude over the service area. The Bei-
Dou-2 system cannot provide continuous observations
to LEO satellites due to the regional navigation constel-
lation. The percentage of the time that LEO satellites as
GRACE receive less than 2 observations exceeds 25%.
This value will improve with the increase of the orbit
altitude. The discontinuous observations will increase
the difﬁculty when using the BeiDou-2 system on the
LEO satellites orbit determination.
(3) The POD results of GRACE A, GRACE B and Jason-2
show that the R component accuracy is higher than
other components and is globally stable. The T
component accuracy over the service area is higher than
that over the non-service area, but the N component
accuracy is poor over any area. There is little difference
between the POD accuracy of 3D over the service area
and over the non-service area, despite the fact that the
ﬁrst phase of the BeiDou-2 system is a regional naviga-
tion satellite system. The POD accuracy of GRACE A
in 3D is about 30 cm with the ephemeris accuracy
achieved presently. This paper ﬁnds that the GEO satel-
lites with lower accuracy are still helpful in improving
the POD accuracy.
(4) The PROD results of GRACE A and GRACE B show
that the baseline length accuracy is approximately
3.4 mm over the service area and approximately 9.0 mm
over the non-service area. The PROD results show a posi-
tive correlation between the baseline length accuracy and
the visibility of BeiDou satellites. However, the accuracy
1258 J. Liu et al.is still higher than the nearby regions over America
(between 280 and 310 longitude) with fewer observa-
tions, because of the characteristics of GRACE satellites
orbit and the BeiDou regional constellation.
(5) In general, the POD accuracy about 30 cm and the
PROD accuracy better than 1 cm can be obtained using
the ﬁrst phase of the BeiDou-2 system. It demonstrates
that the BeiDou regional constellation could provide
global service to LEO satellites for the POD and the
PROD. When the BDS is fully deployed and its ephem-
eris accuracy reaches the similar level as GPS satellites,
the performance of the BDS will be comparable with
the GPS on the LEO satellites applications.
(6) It should be mentioned that the accuracies for the LEO
POD and PROD are just initial, only taking the obser-
vation noise and navigation satellite ephemeris errors
into consideration. Other errors, such as dynamic mod-
els errors for LEO satellites, or navigation satellites
clock errors for POD, are beyond the present study
and will be studied in the future.
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